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1 | INTRODUCTION

With today’s computational power and the increasing availability of
both comprehensive distribution data sets and high-resolution envi-

ronmental data, the study of species niche dynamics has become a
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Abstract

Although of crucial importance for invasion biology and impact assessments of climate
change, it remains widely unknown how species cope with and adapt to environmental
conditions beyond their currently realized climatic niches (i.e., those climatic conditions
existing populations are exposed to). The African clawed frog Xenopus laevis, native to
southern Africa, has established numerous invasive populations on multiple continents
making it a pertinent model organism to study environmental niche dynamics. In this
study, we assess whether the realized niches of the invasive populations in Europe,
South, and North America represent subsets of the species’ realized niche in its native
distributional range or if niche shifts are traceable. If shifts are traceable, we ask whether
the realized niches of invasive populations still contain signatures of the niche of source
populations what could indicate local adaptations. Univariate comparisons among biocli-
matic conditions at native and invaded ranges revealed the invasive populations to be
nested within the variable range of the native population. However, at the same time,
invasive populations are well differentiated in multidimensional niche space as quantified
via n-dimensional hypervolumes. The most deviant invasive population are those from
Europe. Our results suggest varying degrees of realized niche shifts, which are mainly
driven by temperature related variables. The crosswise projection of the hypervolumes
that were trained in invaded ranges revealed the south-western Cape region as likely
area of origin for all invasive populations, which is largely congruent with DNA sequence

data and suggests a gradual exploration of novel climate space in invasive populations.
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growing field of research (e.g., Crisp & Cook, 2012; Pearman, Guisan,
Broennimann, & Randin, 2008; Peterson, 2011). This development
was induced by the urgent need to understand and forecast effects
of climate change and biological invasions on biodiversity (Sillero, Reis,
Vieira, Vieira, & Morales-Hojas, 2014; Thomas et al., 2004). These
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forecasts are based on the assumption that species retain inherited
ecological traits and environmental niches over time and space (niche
conservatism) (see Wiens & Graham, 2005 and references therein).
However, information on the degree and/or how fast species can
adapt to environmental conditions beyond their realized niches (i.e.,
those climatic conditions existing populations are exposed to) is cur-
rently limited. Therefore, assessments of niche conservatism need to
cover a broad range of temporal scales to detect under which circum-
stances niche shifts may occur and in which time frame they are pos-
sible (Peterson, 2011). If invasive species exhibit niche conservatism,
predictive niche models can be used to determine where a certain
species can become established (Wiens & Graham, 2005). Thus, bio-
geographic patterns of invasion success offer unique opportunities to
study the (pre-)adaptive potential of the Grinnellian niches (i.e., envi-
ronmental, nonconsumable niche axes operating on a macroecologi-
cal scale) of species as well as their spatiotemporal dynamics (Guisan,
Petitpierre, Broennimann, Daehler, & Kueffer, 2014; Pearman et al.,
2008; Peterson, 2011).

Recent evidence proposes that climatic niches may not be as
conserved as previously assumed and shifts of realized niches have
been suggested for a number of invasive taxa including plants (e.g.,
Broennimann et al., 2007; Mitchell et al., 2006), insects (Fitzpatrick,
Weltzin, Sanders, & Dunn, 2007; Medley, 2010), reptiles (Rédder &
Lotters, 2009; Rodder, Schmidtlein, Veith, & Létters, 2009), and am-
phibians (Tingley, Vallinoto, Sequeira, & Kearney, 2014). Although
conflicting evidence exists for several taxonomic groups (Alexander &
Edwards, 2010; Petitpierre et al., 2012; Strubbe, Broennimann, Chiron,
& Matthysen, 2013), these shifts are assumed to correspond to the
release from dispersal barriers or biotic constraints rather than rep-
resenting novel physiological adaptations (fundamental niche shifts;
Rodder et al., 2009; Tingley et al., 2014). A recent study suggests that
environmental niches might be conserved within phylogenetic lin-
eages (Schulte et al., 2012). However, few studies exploring the ge-
netic foundation of the rate of adaptation and the role of intraspecific
spatial variation in environmental niche structure exist. Furthermore,
those which are available cover only few taxonomic groups (e.g.,
Krehenwinkel, Rodder, & Tautz, 2015; Lavergne & Molofsky, 2007;
Schulte et al., 2012; Sillero et al., 2014; Vandepitte et al., 2014). Shifts
in fundamental niches are only traceable in experimental setups and
are difficult to disentangle using correlative models (Peterson, Papes,
& Soberdn, 2015). Therefore, most studies exclusively focus on shifts
or stasis in realized niches.

Anthropogenic introduction pathways facilitate the spread of in-
vasive species across biogeographical barriers and well beyond the
species natural dispersal capacities (Wilson et al. 2009). This increased
potential for large distance dispersal makes novel parts of the global
environmental space colonizable, which may not be available in the
native range. As unanticipated experiments, biological invasions rep-
resent model systems to study niche conservatism and dynamics
(Jimenez-Valverde et al., 2011; Tingley et al., 2014). From a manage-
ment perspective, the identification of variables restricting an invasive
species’ range is pivotal for successful management of established
populations and to prevent further spread (e.g., Jimenez-Valverde

Ecology and Evolution o 4045
& WILEY- L%

et al., 2011). The comparison of realized niche spaces of native and
invasive populations facilitates the identification of range limiting con-
straints of environmental variables that often correspond to physio-
logical limits (Rédder, Solé, & Bohme, 2008; Rédder et al., 2009).

Species distribution modeling (SDM) approaches have become
promising tools for both basic and applied research (Kozak, Graham,
& Wiens, 2008; Peterson et al., 2015) and have been frequently ap-
plied to predict the establishment success prior to issuing import per-
mits for species of biosecurity concern (Bomford, Barry, & Lawrence,
2010; Kopecky, Patoka, & Kalous, 2016; Kumschick & Richardson,
2013). By comparing the environmental conditions of a species’ na-
tive range with the conditions at the area of planned introduction,
climate matching quantifies the risk of establishment, for example,
for amphibian species in the European Union (Kopecky et al., 2016),
plant taxa in Australia (Kumschick & Richardson, 2013), or freshwater
fishes worldwide (Bomford et al., 2010). As such climate matching ap-
proaches assume climate niches to be conserved during the invasion
process, they exclude the possibility that the native range does not
correspond to the entire set of conditions a species can live in with its
standing genetic background or that evolutionary processes expand
the fundamental niche. The niche conservatism assumption has been
frequently challenged in the past (Broennimann et al., 2007; Early &
Sax, 2014; Rodder & Lotters, 2010; Urban, Phillips, Skelly, & Shine,
2008) partly because it neglects nonclimatic range limitations that
also shape species spatial distributions. In addition, these biotic and
abiotic factors might differ between the native and the invaded range
(Colwell & Rangel, 2009; Early & Sax, 2014). While such limitations are
undeniably extremely important for some species (e.g., regarding spe-
cies interactions), these effects have been demonstrated to be highly
scale dependent, for example, in the case of facultative predator-prey
systems and rarely affect distributions at large extent and resolution
if they depend on abundances (Soberén & Nakamura, 2009). Predator
and prey may coexist if the abundance of the predator is below the
carrying capacity of the local habitat. On the other hand, biotic inter-
actions may be limiting irrespective of scale obligatory systems, for ex-
ample, in specific butterflies where larvae require a specific host plant.
Furthermore, widespread, ecologically dominant species may be less
affected by fine scale bionomic effects (Early & Sax, 2014).

The African clawed frog Xenopus laevis (Daudin, 1802) is a pre-
dominantly aquatic amphibian species native to the Mediterranean
climate zone in southern Africa (Measey et al., 2012). The species
was widely used for human pregnancy testing and distributed pan-
globally as a laboratory species for scientific research (Measey et al.,
2012; van Sittert & Measey, 2016) where escapees and voluntarily
released individuals established numerous invasive populations out-
side its native range (Measey et al., 2012). As X. laevis is abundant and
widely distributed in its original range, has a high genetic variability,
rapid growth, early sexual maturity, a broad diet, performs overland
dispersal, is tolerant to various environmental conditions, and read-
ily accepts heavily modified anthropogenic habitats, the species pos-
sesses great invasion potential (Measey et al., 2012, 2016). Among
invasive amphibians, X. laevis has one of the highest recorded impacts
on native fauna (Measey et al., 2016). These comprise competition for
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resources, direct predation of native amphibians (Amaral & Rebelo,
2012; McCoid & Fritts, 1980; Measey et al., 2015), a negative impact
to the reproduction of native amphibians (Lillo et al., 2011) and has
been shown to be an asymptomatic carrier of the chytridiomycosis
fungus Batrachochytrium dendrobatidis (Fisher & Garner, 2007).

Being a model organism in a broad range of scientific disciplines,
a variety of information on environmental constraints on X. laevis is
available, including data on climatic factors that determine diurnal
and annual activity patterns, reproduction and thermal tolerances
(Balinsky, 1969; Casterlin & Reynolds, 1980; Eggert & Fouquet, 2006;
McCoid & Fritts, 1989; Miller, 1982; Nelson, Mild, & Lovtrup, 1982;
Wilson, James, & Johnston, 2000; Measey, 2016). Hence, comparisons
of experimentally quantified properties of its fundamental niche with
its realized niches are possible by comparing environmental conditions
as observed at species occurrences with physiological and behavioral
information obtained from the literature. This information may provide
important insights into niche dynamics and the predictive ability—or
shortcomings—of correlative SDMs.

Most specimens of X. laevis were exported through a single orga-
nization and represent a genetic lineage originating from the south-
western Cape region of South Africa (De Busschere et al., 2016; Lillo,
Dufresnes, Faraone, Lo Valvo, & Stock, 2013; Lobos, Mendez, Cattan,
& Jaksic, 2014; van Sittert & Measey, 2016). However, other lineages
were detected in France suggesting that this invasive population is
composed of animals from multiple source populations (De Busschere
etal., 2016). Although X. laevis predominantly colonizes areas with
equivalent climatic conditions, populations have also been established
in temperate regions characterized by an oceanic climate (Fouquet &
Measey, 2006; Measey & Tinsley, 1998; Rubel & Kottek, 2010). These
conditions likely represent the edge of the species’ physiological ca-
pacity, and possibly extend beyond environmental conditions within
the native range.

Being invasive on multiple continents, including Europe, South,
and North America, X. laevis represents a pertinent model organism to
study realized niche dynamics during invasion processes. In this study,
we assess whether the realized niches of invasive populations repre-
sent subsets of the realized niche in the species’ native distributional
range or if niche shifts are detectable. If so, human-mediated disper-
sal may have facilitated the exploration of fundamental niche space
beyond the species’ realized niche in its native range. Alternatively,
niche shifts could indicate novel physiological adaptations. We expect
potential niche shifts to be restricted to a subset of environmental
variables as selective pressures may operate differently depending on
the climatic setup of the area of introduction. This expectation appears
to be reasonable given that environmental variables may interact very
differently with the species’ physiology: There may be hard limits such
as critical thermal minimum or maximum being lethal or variables
representing rather soft limits, for example, affecting the species be-
havior such as triggering reproduction. From a geographic point of
view, the combination of environmental conditions may strongly vary
across space creating potentially very different selective landscapes.
Therefore, we ask whether the realized niches of the invasive popula-
tions still harbor information of the niche of the ancestor, that is, if it

is possible to reconstruct the origin of the source populations in the

native range.

2 | MATERIALS AND METHODS

2.1 | Data acquisition and preparation for
environmental niche analyses

As environmental layers, we obtained remotely sensed bioclimatic
variables (Beaumont, Hughes, & Poulsen, 2005; Busby, 1991) with a
spatial resolution of 3 arc min (Deblauwe et al., 2016), representing
minima, maxima, and average values of monthly, quarterly, and an-
nual ambient surface temperature as well as precipitation (Table 1).
Climate data represent averages of the periods 1981-2013 and
2001-2013 derived from MODIS LST and CHIRPS v.2.0 data bases.
As the subsequent analyses require an orthogonal environmental
space, we performed a principal component analysis (PCA) on the
original bioclimatic predictors in Cran R (R Core Team, 2015) and re-
tained principal components (PCs) with eigenvalues >1 (Table 1). A
total of 925 occurrence records of X. laevis containing 826 records
from the species’ native range in southern Africa, 38 records from
Europe, 24 from North America, and 37 from South America were
obtained from lhlow et al. (2016). We follow the taxonomic interpre-
tation by Furman et al. (2015) confining the native range of X. laevis
sensu stricto to southern Africa (South Africa, Lesotho, Swaziland,
Namibia, Zimbabwe, and parts of Botswana, Mozambique and

Malawi).

2.2 | Quantification of potential niche shifts

In order to quantify and assess potential niche shifts in the African
clawed frog, we performed both univariate analyses using density pro-
files and multivariate hypervolume analyses (Blonder, 2016; Blonder,
Lamanna, Violle, & Enquist, 2014) for the species’ native distributional
range in southern Africa and all known invasive populations in Europe,
South, and North America. For univariate comparisons, we computed
density profiles using the relevant functions of the sm package for
Cran R (Bowman & Azzalini, 2014). The multivariate hypervolume
analysis is designed to capture the environmental niche of the tar-
get species (or its populations) following Hutchinson’s original idea of
a Grinnellian niche space as an n-dimensional hypervolume (Blonder
et al., 2014; Hutchinson, 1957). By computing the geometry and to-
pology of the native and all invasive populations, hypervolumes can
be quantified and compared in terms of shape, total volumes, niche
positions, intersections, and unique parts (Blonder et al., 2014; Guisan
et al., 2014). As environmental background an area defined by a circu-
lar buffer of 200 km surrounding all records from the species’ native
range was used in order to capture the available climate space and
hence the potential for pre-adaptation.

The distribution of species occurrence records in orthogonal niche
space is generalized based on multivariate kernel density estimations
across principal components to remove effects of spatial autocorrela-
tion and different availabilities of specific environmental combinations
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TABLE 1 Summary of the principal
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component analysis results including LRl pPc1 pc2 Pc3 pC4

Pearson’s correlation coefficients, Annual mean T 0.527 0.508 -0.600 -0.230

Eigenvalues, and explained total variance. Mean annual range (mean of monthly 0.726 0.402 0.460 0.096

Lowest and highest values per column (T max—T min))

displayed in bold Isothermality (BIO 2/BIO 7) x 100 -0.333 0.680 -0.064 -0.075
T seasonality (SD x 100) 0.833 -0.358 0.341 0.087
Max T of warmest month 0.960 0.137 -0.054 -0.026
Min T of coldest month -0.254 0.010 -0.927 -0.228
T annual range (BIO 5—BIO 6) 0.859 0.098 0.458 0.103
Mean T of wettest quarter 0.225 0.637 0.196 -0.623
Mean T of driest quarter 0.242 -0.232 -0.744 0.444
Mean T of warmest quarter 0.899 0.054 -0.305 -0.123
Mean T of coldest quarter -0.114 0.575 -0.771 -0.203
Annual precipitation -0.908 0.236 0.157 0.070
Precipitation of wettest month -0.748 0.476 0.111 0.313
Precipitation of driest month -0.522 -0.717 0.028 -0.351
Precipitation seasonality (CV) 0.118 0.710 -0.069 0.616
Precipitation of wettest quarter -0.750 0.492 0.127 0.299
Precipitation of driest quarter -0.539 -0.698 0.059 -0.364
Precipitation of warmest quarter -0.678 0.515 0.378 -0.199
Precipitation of coldest quarter -0.200 -0.669 -0.274 0.559
Eigenvalues 7.289 4.573 3.324 1.960
Explained Variance 38.364 24.066 17.493 10.316

in geographic space (for details, see Blonder et al., 2014; Blonder,
2015, 2016). Based on the kernel density estimations a new set of
random records with a homogenous density across the environmental
space captured by the original occurrence records was created. The
total hypervolume is derived from this set of random records.

This procedure allows the determination of the total niche vol-
ume of a species regardless of the geometry of the niche space (or
within its respective native or invasive range) and is comparatively
insensitive to low sample size. This niche volume can be projected
back into geographic space. The resulting maps indicate areas exhib-
iting environmental conditions which are part of the species’ niche
volume (realized niche/realized distribution). The overlap between
hypervolumes was determined using the Soerensen index [i.e., for
hypervolumes A and B: S = 2*|Aint B|/(|A| + |BJ)]. We used the hyper-
volume package (Blonder, 2015) to delineate hypervolumes with two
different approaches; (1) using a bandwidth of 0.5 enclosing all occur-
rences in environmental space (termed bdw herein) for delimitation
of the multidimensional kernel) or (2) using a multivariate minimum
convex polytope (mcp). The bandwidth approach assumes that all en-
vironmental conditions within the volume enclosed by a multidimen-
sional buffer of 0.5 PC units around the species records is suitable.
Alternatively, the mcp approach assumes that all conditions within
a volume enclosed by the polytope are suitable. All computations
were performed using the raster, dismo, and hypervolume packages
(Blonder, 2015; Hijmans, 2015; Hijmans, Phillips, Leathwick, & Elith,
2015) for (R Core Team, 2015).

In order to identify those environmental conditions of the native
range which are also realized in invasive ranges, and vice versa, we
projected the hypervolumes computed for the native and invasive
ranges crosswise into geographic space. Assuming some degree of
niche conservatism these areas are the most likely areas of origin. At
the same time, our approach allows to track any shifts in realized cli-
mate niches and to quantify their direction and magnitude.

The predictive performance of the hypervolume models was as-
sessed using three different indices: the area under the receiver op-
erating characteristic curve (AUC; Swets, 1988) ranging from 0.5 (not
better than random) to 1.0 (perfect discrimination), the point-biserial
correlation coefficient (COR; Elith et al., 2006) ranging from O (no
correlation) to 1 (perfect correlation), and Cohen’s Kappa (Allouche,
Tsoar, & Kadmon, 2006) ranging from O (no agreement) to 1 (perfect).
These test statistics were computed for the native and introduced
populations using a set of 1,000 random points situated in a circular
buffer of 200 km enclosing the occurrence records using the dismo
package (Hijmans et al., 2015) for Cran R.

3 | RESULTS

The PCA revealed four PCs with eigenvalues >1 (Table 1) accounting
for 90.2% of the total variation. The first PC explained 38.4% of the
total variance and was mainly correlated with the maximum tempera-

ture of the warmest month and quarter, annual temperature range,
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annual precipitation, as well as precipitation of the wettest month and
quarter. PC 2 (24.1%) was mainly correlated with precipitation of the
driest month and quarter, precipitation seasonality and isothermality,
whereas PC 3 (17.5%) was mainly correlated with the minimum tem-
perature of the coldest month and quarter. The fourth PC summarizes
10.3% of the total variance and was mainly correlated with the mean
temperature of the wettest quarter and precipitation seasonality. For
further details, see Table 1.

Univariate comparisons among bioclimatic conditions at native and
invaded ranges revealed that the invasive populations are well nested
in the variable range of the native population in the mean annual tem-
perature range, temperature seasonality, the maximum temperature of
the warmest month, the minimum temperature of the coldest month,
the temperature annual range, the mean temperature of the warmest
quarter, the annual precipitation, and the precipitation of the wettest
month and quarter. However, bioclimatic conditions in at least one
invaded region exceed those in the native range in the annual mean
temperature, isothermality, mean temperature of the wettest, driest,
warmest and coldest quarter, precipitation of the driest month and
quarter, precipitation seasonality, and precipitation of the warmest and
coldest quarter (Figure 1). The most deviant invasive population were
those from Europe. Bimodal peaks in some density plots suggested
that European populations can be split into two distinct bioclimatic
groups (Figure 1). While the left peak in temperature related variables
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(BIO 1, 5, 6, 10, 11, and 15, Figure 1) corresponded to the invasive
populations from France and Great Britain which are both character-
ized by oceanic climate, the right peak referred to invasive populations
from Portugal and Sicily, areas characterized by a Mediterranean hot
climate (Rubel & Kottek, 2010). In precipitation related variables (BIO
14, 17, and 18), this trend was reversed. In environmental space, these
patterns were reflected in PC 1 and PC 3 where bioclimatic conditions
of invasive populations were nested within those observed in the na-
tive range (Figure 2). In PC 2 and PC 4, however, conditions exceeded
those of the native range. While in PC 2, the European populations
deviated widest from the environmental conditions of the native pop-
ulations, the North American populations deviated strongest in PC 4.

For European populations, the left peak in the density plot for PC
1 corresponded to Portugal and France while the right corresponded
to Sicily. Regarding the second and fourth PCs the first peak of the
European populations referred to France while the second related
to Portugal and Sicily. The first peak of the European populations of
the third PC referred to Portugal and Sicily, while the second corre-
sponded to France (Figure 2). A comparison of the four dimensional
hypervolumes of the native and all invaded ranges also revealed the
European populations to form two clusters (Figure 3) one of which de-
viated strongly from the native range.

Test statistics revealed the predictive performance of the four-
dimensional hypervolume models to differ among regions, wherein
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FIGURE 3 Four dimensional hypervolumes of the environmental niches of Xenopus laevis as well as for the potential niche within its native

distribution characterizing its available climate space

those computed using the bdw approach performed generally better
(total range: AUC,, =0.827, COR, =0.685 Kappa,,, =0.640)
than those derived from the mcp approach (AUCmcp =0.760,
CORmcp =0.550, Kappa,,, = 0.507). AUC,,, scores for the models
computed for the native and the three invasive populations, respec-
tively, ranged between 0.764 and 0.980, while COR, ,, values ranged
between 0.454 and 0.655, and Kappa, ,,, between 0.341 and 0.613
for the mcp approach, and between 0.672 and 0.847 for AUC
from 0.266 to 0.615 for CORme,
Table 2).

The total volume of the realized niche based on the complete oc-
currence data set was 395.34 for the bdw and 1403.70 for the mcp
approach. Assessing populations from the native and the three in-

mep

mcp’

and between 0.257 and 0.610 for

Kappamcp(

vaded regions separately, models revealed that the native population
possesses the largest realized niche volume, followed by the invasive
populations in South America. The two approaches revealed different
results for Europe and North America (Table 3). Intersections between
hypervolumes were largest between the native and the invasive pop-
ulations from North America, and between populations from North
and South America. In the other comparisons intersections were low,
yielding low niche overlaps in terms of Soerensen indices (Table 3).
The largest centroid distance was observed between populations from
North America and Europe and the smallest between populations
from North and South America (Table 4). PC 1 had the highest influ-
ence on total niche volumes in all cases wherein the contributions of
the remaining PCs varied between 0.49 and 0.92 (Table 5).

Using the comprehensive set of pooled native and invasive pop-
ulation records, the hypervolume models predicted not only those

areas where the invasive populations are already established but

TABLE 2 Statistical tests for the two different hypervolume
approaches using the area under the receiver operating characteristic
curve (AUC), point-biserial correlation coefficients (COR), and
Cohen’s Kappa

Area AUC COR Kappa
Bandwidth approach (bdw)
Total range 0.827 0.685 0.640
Native 0.764 0.574 0.499
Europe 0.948 0.454 0.341
North America 0.974 0.500 0.400
South America 0.980 0.665 0.613
Multivariate minimum convex polytope approach (mcp)
Total range 0.760 0.550 0.507
Native 0.706 0.454 0.389
Europe 0.686 0.398 0.397
North America 0.672 0.266 0.257
South America 0.847 0.615 0.610

also highlighted additional regions which are potentially suitable for
invasion (Figure 4). Areas suggested by both approaches comprise
major parts of western Texas and adjacent parts of Mexico, northern
parts of Argentina and southern parts of Paraguay, northern Africa
and parts of southern coastal Spain, southern and central parts of
China, as well as the southern and western coast of Australia. Only
the mcp approach suggested an additional area in northern India
and adjacent Pakistan as suitable for the establishment of invasive

populations of X. laevis (Figure 4). Training the hypervolume models
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TABLE 3 Total realized niche volume
(displayed in bold); volume of intersecting
areas (overlap of environmental/PC space)
(below the diagonal); similarity assessed
using the Soerensen index (ranging from O:
entirely different to 1: identical; displayed
in italics)

Native
South America
Europe
North America

Background

Native
South America
Europe

North America

Background
TABLE 4 Centroid distances (the closer
the more similar) for the mcp approach
(under the diagonal) and the bdw approach Native

(above the diagonal) Gl Amiciies

Europe
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Bandwidth approach (bdw)

Native South America Europe North America  Background
349.534 0.00 0.00 0.00 0.47
0.17 22.013 0.01 0.10 0.01
0.00 0.13 11.374 0.00 0.00
1.01 1.77 0.00 14.145 0.00
345.60 0.33 0.22 0.33 1109.16
Multivariate minimum convex polytope approach (mcp)

867.607 0.00 0.00 0.01 0.59
0.00 10.325 0.00 0.16 0.01
0.09 0.00 3.839 0.00 0.00
3.90 0.97 0.00 2.158 0.00

1270.10 11.47 0.90 0.30 3014.534
Native South America Europe North America
4.85 5.75 4.24
4.17 5.59 2.93
4.85 4.94 7.18
3.71 243 6.14

North America

TABLE 5 Relative contributions of the PCs to the total realized
niche volume

Area PC1 PC2 PC3 PC4
Bandwidth approach (bdw)
Total range 1.00 0.67 0.65 0.54
Native 1.00 0.65 0.65 0.49
South America 1.00 0.79 0.76 0.89
Europe 1.00 0.84 0.92 0.87
North America 1.00 0.74 0.74 0.84
Multivariate minimum convex polytope approach (mcp)
Total range 1.00 0.67 0.65 0.54
Native 1.00 0.65 0.65 0.49
South America 1.00 0.79 0.76 0.89
Europe 1.00 0.84 0.92 0.86
North America 1.00 0.73 0.74 0.84

separately with occurrences from the native or any of the three in-
vaded regions revealed overall similar patterns in the training areas
(Figure 5). However, additional suitable areas in Texas and adjacent
Mexico, in northern Argentina and southern Paraguay, as well as in
northern Africa and along the southern coast of Spain were exclu-
sively predicted by models trained with occurrences from the native
range. The results obtained from both the bdw and mcp approaches
revealed overall similar results. Training the models with invasive pop-
ulations from North America, South America, or Europe separately
suggested a potential distribution within the species known distri-

bution range, located near the south-western Cape region in South

Africa (Figure 5). However, crosswise projections also highlighted
very different potential distribution sizes depending on the training
area, which are congruent with the sizes of the different niche vol-
umes (Table 3).

4 | DISCUSSION

Our results suggest some degree of realized niche shift between the
native and all invaded regions, which is restricted to 10 of 19 biocli-
matic variables and well visible in the density plots showing PC 2 and
PC 4 (Figure 2). This differentiation is also reflected in the results of
the niche overlap analyses. Crosswise projection of the hypervolume
models trained in invaded ranges onto the native range revealed the
south-western Cape region as the likely area of origin for all invasive

populations.

4.1 | Niche shifts

Physiological performance of ectothermic taxa, such as amphibians
strongly depends on environmental conditions (Feder & Burggren,
1992). Affecting physiological functions such as digestive and locomo-
tive performance, temperature is among the most important extrinsic
factors (Angilletta, Niewiarowski, & Navas, 2002; Bennet, 1990; Huey
& Kingsolver, 1989). In X. laevis and other pipid frogs, temperature
was found to affect traits related to fitness like sprint performance
(Miller, 1982), swimming velocity (Herrel & Bonneaud, 2012; Wilson
et al., 2000), endurance capacity (Herrel & Bonneaud, 2012), repro-
duction, and larval development rates (Balinsky, 1969).
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FIGURE 4 Current global distribution (a) and potential distribution of Xenopus laevis as derived from the global hypervolume model trained

with the complete set of species records (b)

Previous research suggested X. laevis to prefer an ambient tem-
perature of 22°C (Miller, 1982). Thermal tolerances were found to
range from 14°C to 32°C (Casterlin & Reynolds, 1980). However,
other authors suggested that X. laevis withstands more extreme ther-
mal conditions (Nelson et al., 1982), and critical thermal limits of 2°C
and 39°C, respectively, were obtained for the invasive population in
France (J. Courant and A. Herrel, pers. comm.). Laboratory studies in-
dicate that life stages might not be equally affected by extreme ther-
mal conditions (Balinsky, 1969; Wu & Gerhart, 1991) and ontogenetic
shifts during embryonic development seem to alter thermal tolerances
(Nelson et al., 1982). However, the variability of the critical thermal
limits among the native populations of X. laevis is not known and avail-
able information is limited to adult specimens originating from popula-
tions from the Western Cape.

A comparison of the experimentally established preferred tem-
perature range and critical limits with our results reveals the annual
mean temperatures in colonized areas to be lower than the species’

thermal preferences except for Chile. However, ambient temperatures
generally remain within the critical temperature range of the species.
During the warmest quarter temperatures correspond to the species’
preferences in the native range and North America, while remaining
lower in Europe and exceeding this range in South America (Figure 1).
Maximum monthly temperatures are within the preferred range in
most populations but occasionally exceed the species’ critical thermal
maximum in South America. However, microhabitats have been found
to strongly deviate from conditions of the wider ecosystem, effectively
buffering extreme conditions and therefore reducing mortality during
extreme weather events (Scheffers, Edwards, Diesmos, Williams, &
Evans, 2014), representing a potential for effective short-time buff-
ering of extremes. On larger time scales such as monthly averages,
this buffering capacity may be reduced as the averages of microhabitat
temperature and ambient temperature may reach equilibrium. Xenopus
laevis is predominantly aquatic and the microclimate within the aquatic
environment buffers short-term extremes of air temperatures (Lampert
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FIGURE 5 Crosswise projection of bdw models (dark blue) and mcp models (light blue) for native and invasive populations. The training area
is marked by a blue frame and the respective projection areas can be found within the same row. Blue circles indicate the presence of small

areas which are within the hypervolume computed for the training range

& Sommer, 2007). In lentic habitats, water temperatures in the hypo-
limnion do not fall below 4°C (Lampert & Sommer, 2007), effectively
shielding inhabitant frogs from lethal air temperatures. Individuals
were also reported to actively avoid exposure to critical conditions, for
example, by moving into cooler parts of the water body when exposed
to high temperatures (47°C) in Arizona (G. J. Measey, unpublished
data) or excavate pits into the soft bottom mud where water tempera-
tures remain lower (McCoid & Fritts, 1980). Albeit freezing may be a
major mortality factor (Eggert & Fouquet, 2006), frogs were recorded
moving at 5°C (Wilson et al., 2000) and throughout winter in France
(J. Courant and A. Herrel, unpublished data). While adults may still be
active and foraging, even under ice-bound water, development of tad-
poles under these conditions is hampered (G. J. Measey, unpublished
data). However, the alleged extinction of two invasive populations that
persisted for decades in Great Britain was linked to extreme weather
events (cold and drought) of successive winters suggesting that cli-
matic conditions exceeded the buffering capacity of the microhabitat
inhabited by X. laevis (Tinsley, Stott, Viney, Mable, & Tinsley, 2015).
The observed deviation in minimum annual temperature between the
native and invaded ranges suggests niche shifts of the realized niches
approximating the critical minimum temperatures for X. laevis.

Induction of reproductive activity is correlated with both tem-
perature and precipitation. Balinsky (1969) suggested that spawning
in the native range in Gauteng at approximately 1,000 m a.s.l. can be
triggered by a period of rainfall, whereas Green (2002) suggested that
ambient temperatures, probably above 20°C, initiate reproduction in
California. However, in the Cape region, ambient temperatures during
reproduction remain lower and reproduction is restricted to the winter
months. Comparing precipitation patterns of the native and invasive
populations, we detected more pronounced niche shifts than when
comparing temperatures (five of eight precipitation related variables
(62.5%) vs. five of 11 temperature related variables (45.5%). The most
pronounced niche shifts were detected in precipitation seasonality
(Figure 1), which was considerably lower in Europe (France and Great
Britain) but exceeded the native range in North America. In contrast,
precipitation of the wettest month was well within the conditions
of the native range in all colonized ranges. Generally, a higher total
amount of precipitation combined with low precipitation seasonality
may increase the permanence of water bodies and therefore promote
the establishment of invasive populations.

Reproductive activity differs within the native and invaded
ranges. Within the native range, availability of permanent water
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FIGURE 6 Potential areas of origin of the invasive populations of Xenopus laevis across South Africa (a), as well as predicted ranges based on

training regions of North America (b), South America (c), and Europe (d).

bodies was limited in the past but recently increased due to the
construction of man-made dams and irrigation canals. Within the
invasive range, most populations inhabit artificial permanent water
bodies and hence availability of water is frequently not limiting re-
productive activity. Temperature represents another potential con-
straint for reproduction. With water temperatures regularly reaching
20°C, climatic conditions in California are less extreme than in the
species’ native range (McCoid & Fritts, 1980) leading to an almost
year-round reproductive activity with continuous ovulation (McCoid
& Fritts, 1989). It was suggested that low ambient temperatures
might hamper reproduction (Nelson et al., 1982). However, the spe-
cies was found to reproduce during most of the year in France with
a strong peak during the summer months (April to June; Courant
et al,, in press). Hence, low winter temperatures may reduce recruit-
ment but do not necessarily prevent the establishment of invasive

populations.

4.2 | Origin of invasive populations

Environmental conditions may strongly vary across geographic space
potentially creating different selective landscapes likely leading to
local adaptation and niche differentiation. Therefore, knowledge of
the origin of invasive populations may allow an examination if the

invaded ranges exhibit similar environmental conditions as the source
area. Crosswise projections of the hypervolume models for the inva-
sive populations reveal that parts of the species’ native range resem-
ble environmental conditions found in the invasive ranges. These parts
are situated north of Cape Town, in the northern parts of the Western
Cape when trained with North or South American populations and
close to Clanwilliam/Citrusdal, which is just about 50-100 km south-
ward of Vredendal, when trained with European invasive populations
(Figures 4 and 6). This may be the most likely area of origin of the
invasive populations according to climate matching when assuming
niche conservatism.

As most specimens were exported by a single organization which
collected animals within 150 km of Jonkershoek (van Sittert & Measey,
2016), invasive populations were assumed to represent a clade that
is distributed between Vredendal in the north to Knysna in the east
(Figure 6, Furman et al., 2015). While this clade was already identified
in Chile, France, Italy, and Portugal (De Busschere et al., 2016; Lillo
et al.,, 2013; Lobos et al., 2014), the invasive populations in France
were recently found to contain another clade from the northern re-
gions of South Africa (De Busschere et al., 2016).

Combining macroecological and molecular evidence facilitates the
development of hypotheses about the evolution of the observed niche
shifts:
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1. Nonadaptive process exposition on historic climate cycles may
allow a pre-adaptation beyond the current realized niche of
a species leading to the possibility of acclimatization or phe-
notypic plasticity, as was suggested for, for example, the in-
vasive freshwater crayfish Procambarus clarkii (Chucholl, 2011).
From experimental studies, Wilson et al. (2000) observed sig-
nificant acclimation effects on swimming velocity, suggesting
a pre-adaptation capacity to cooler environments, which may
partly explain the invasion success of X. laevis in Europe.
However, SDM projections of a broad range of different South
African amphibian species on paleoclimate scenarios revealed
only marginal shifts in potential distributions under last glacial
maximum conditions (Mokhatla, Rédder, & Measey, 2015;
Schreiner, Rédder, & Measey, 2013) suggesting an overall lim-
ited probability of a historic pre-adaption to cooler
environments.

2. A first mechanism involving evolutionary changes would be an es-
tablishment of the initial invasive populations in climates similar to
the environmental conditions within the area of origin and subse-
quent adaptation and niche expansion. This scenario is supported
by the finding that the invasive populations in, for example, Chile
originated from a single introduction and show a signature of a re-
cent bottleneck and are genetically very similar indicating a rapid
spread from a small source population (Lobos etal., 2014).
Although, multiple introductions occurred in the other invaded
areas, in most cases all individuals originated from a single source
region. Based on simulations, adaptation to novel environments
may be facilitated in initially small population sizes (Holt, Barfield, &
Gomulkiewicz, 2005). Selection for a certain beneficial allele might
lead to faster fixation in a small population than in a large popula-
tion. However, before their escape or release, frogs have been kept
for several generations under artificial conditions in laboratories or
captive breeding facilities, which might also influence the predispo-
sition of the individuals.

3. A second mechanism for rapid adaptation increasing thermal toler-
ances was suggested by Krehenwinkel et al. (2015). These authors
showed that in wasp spiders Argiope bruennichi a fundamental
niche shift toward significantly lower thermal minima was initiated
by a genomic admixture event between two long-time isolated line-
ages. This niche shift has facilitated a rapid northward range expan-
sion. A similar phenomenon could explain the invasion success of
X. laevis in France, where phylogenetic signatures of two different
clades were detected (De Busschere et al., 2016). However, experi-
mental data and further genomic analyses are needed to test the
hypothesis of rapid adaptation initiated by genomic admixture be-

tween long-time isolated clades.

5 | CONCLUSION

In the present study, we demonstrate that invasive populations of
X. laevis are established well beyond the species’ multivariate realized
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niche in southern Africa. This finding has important implications for
both macroecological niche theory and practical aspects of risk as-
sessments using climate matching.

By suggesting that climate niches remain stable during the in-
vasion process, the observed dynamics in the realized niches of
X. laevis challenge previous findings. Although we cannot disentan-
gle shifts in the fundamental niche from shifts in the realized niche
alone, comparisons with natural history data including environmen-
tal tolerances and triggers for reproduction suggest that most niche
shifts observed can be explained by realized niche shifts. One ex-
ception where this explanation is not evident is the invasive popu-
lation in France. Here, further studies are required to test whether
hybridization of different lineages has enabled a shift in the species’
fundamental niche.

Given the magnitude of the detected niche shifts, the usefulness
of climate matching approaches to assess invasion risk is challenged,
as it might frequently underestimate the true potential distribution
of a species when a geographic subset of the species’ realized dis-
tribution is used for model training. As suggested by Broennimann
and Guisan (2008) inclusion of all available distribution information
may improve predictions but underestimations are still possible.
Furthermore, as previous authors have noted a careful analysis of the
available environmental space within the training area of the mod-
els and a quantification of areas requiring extrapolation beyond this
training range may improve the reliability of assessments by exclusion
of those areas with high uncertainty (Elith, Kearney, & Phillips, 2010;
Measey et al., 2012). Unfortunately, this procedure will restrict the
application of climate matching to areas characterized by environ-
mental conditions most similar to the training range and for the ma-
jority of other areas predictions which require extrapolation remains
unreliable.

From a management point of view, it is possible to assess the re-
liability of correlative SDMs by comparing the species’ realized en-
vironmental niche with what is known from its fundamental niche
in terms of physiological performance and physiological limits. As
demonstrated herein for X. laevis, it can be expected that its true
invasion potential is larger than its estimated potential distribution
based on its currently realized niche. In this case, the climate match-
ing approach is well able to identify areas with high risk of further
invasion but is less reliable in identifying actually unsuitable habitats.
Further conservation measures need to prevent additional introduc-
tions in suitable habitats which may arise due to anthropogenic cli-
mate change (lhlow et al., 2016), not only within the already invaded
regions but also in those areas which are highlighted by our global

hypervolume model.
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